Encasing a stone column with a high-strength geosynthetic provides the column material with significant lateral confinement, which prevents lateral displacement of the column into potentially soft surrounding soil and consequently increases the bearing capacity of the column. Although this technique has been successfully applied in practice, the load transfer mechanism of encased stone columns and their performance in comparison with conventional stone columns have not been studied in detail. This paper describes three-dimensional finite element analyses that were carried out to simulate the behavior of a single stone column with and without encasement in a very soft clay soil using the computer program ABAQUS. A comprehensive study was performed to better understand the mechanism of load transfer in conventional stone columns and geosynthetic encased stone columns. The performance of partially encased columns was then compared to that of fully encased columns and conventional stone columns.
INTRODUCTION
Stone columns have been increasingly used for ground improvement, especially for structures that can tolerate some settlement such as road embankments, storage tanks, low-rise buildings, lightly loaded foundations, etc. This form of ground improvement is also commonly referred to as granular piles. Extensive use of stone columns is attributed to their proven successes in increasing bearing capacity, reducing total and differential settlements, increasing the time rate of settlement, and reducing the liquefaction potential of sands.
Stone columns under compressive loads experience failure modes such as bulging (Hughes et al. 1975) , general shear failure (Madhav and Vitkar 1978) , and sliding (Aboshi et al. 1979) . However, in soft clays the most common failure mode for stone columns is bulging (Madhav and Miura 1994) .
In very soft soils, due to the lack of required lateral confining pressure, the use of stone columns can be problematic. In these situations, to provide the required lateral confining pressure and to increase the bearing capacity, stone columns are encased by a suitable geosynthetic. Using a high-strength geosynthetic for confinement not only increases the strength of a stone column, but also prevents lateral displacement of the column into the very soft surrounding soil. Sharma et al. (2004) conducted tests to investigate the effect of geogrid reinforcement on bulging and load-carrying capacity of a single stone column in soft clay. Rajagopal (2006, 2007) performed model tests and numerical analyses to study the behavior of a single geosynthetic-encased stone column with a limited zone of soil influence (a tributary area approach to column group behavior). In the numerical analyses, Murugesan and Rajagopal (2006) performed axisymmetric analyses and assumed continuum elements for the geosynthetic without considering the behavior of the interface between different materials (this paper addresses this phenomenon by using interface elements in the numerical model). Lee et al. (2007) investigated the failure mechanism and load carrying capacity of individual geogrid encased stone columns by model tests. Alexiew et al. (2005) described the design principles, technologies, and procedures for geotextile encased stone columns and emphasized the importance of the tensile modulus of the geotextile that is used for column confinement.
This paper describes 3D finite element analyses that were carried out to simulate the behavior of a single geosynthetic-encased stone column (GESC) in soft clay using the computer program ABAQUS (Hibbitt et al. 2007) . To compare the performance of the GESC with a conventional stone column (CSC), parallel analyses were also performed on a stone column without encasement. This paper describes the results of a comprehensive study that was performed to better understand the load transfer mechanism of CSCs and GESCs. The possibility of using partially encased columns rather than fully encased columns is investigated, and the results are compared to those from fully encased columns and CSCs.
NUMERICAL ANALYSES
Finite element analyses were performed using the program ABAQUS (Hibbitt et al. 2007) . As the zone of interest has two planes of symmetry, it was only necessary to numerically model the behavior of the system over a quarter of the domain. Fig. 1 shows a typical finite-element mesh used in the analyses. In all of the numerical analyses that were performed, the thickness of the soft soil and the length of the stone column were assumed to be 5 m, which is a reasonable length of installation for GESC systems (FHWA, 2006) . It was also assumed that the soil and column were underlain by a rigid layer. The lateral extent of the soft soil around the stone column was selected such that the effects of the vertical boundary conditions on the calculated results were minimal. As shown in Fig. 1 , when the radius of the stone column is 0.4 m the overall radius of the cylinder is selected to be 2.0 m. At the bottom boundary of the finite-element mesh, the displacements are set to zero in the z direction. The displacements in the x and y directions are set to zero on the The finite-element mesh used in the numerical simulations was developed using 6-node linear triangular prism elements for both the stone column and soft soil. The stone column is modeled using a linear elastic-perfectly plastic model with MohrCoulomb failure criterion. The Mohr-Coulomb model is defined by five parameters: friction angle (φ) , effective cohesion (c'), dilatancy angle (ψ), effective Young's modulus (E), and Poisson's ratio (ν). The parameters used in the numerical analyses are summarized in Table 1 . The Mohr-Coulomb parameters used in the numerical analyses are similar to the typical values used by other researchers (e.g. Guetif et al. 2007, Ambily and Gandhi 2007) .
FIG. 1. Typical finite-element mesh used in the analyses
The soft soil was modeled as a modified Cam Clay material. Five material parameters were used in the model, namely the slope of the swelling line (κ), the slope of the virgin consolidation line (λ), the void ratio at unit pressure (e), slope of the critical state line (M), and Poisson's ratio (ν). The modified Cam Clay parameters used correspond to those obtained for experimental data on soft Bangkok clay (Balasubramian and Chaudhry 1978) . These parameters are provided in Table 1 .
The geosynthetic was modeled using 4-node quadrilateral, reduced integration membrane elements. The geosynthetic was assumed to be an orthotropic linear elastic material, with an assumed Poisson's ratio of 0.3. A comprehensive study of numerical results showed that using an isotropic linear elastic material for encasement can increase the bearing capacity of column up to 10% and adversely affect the shape of lateral bulging (Khabbazian et al. 2008 ). In order not to adversely influence the numerical results, and knowing that the encasement does not carry vertical (compressive) load, the longitudinal elastic modulus of the encasement was decreased to 1% of the circumferential elastic modulus. It should be mentioned that further decreases in the longitudinal elastic modulus had no effect on the numerical results. Alexiew (2005) documented that design values of tensile modulus (J) between 2000-4000 kN/m were required for the geosynthetic used to encase stone columns on a number of different projects. Consequently, a circumferential elastic modulus of 3000 kN/m was used in the numerical analyses. The circumferential elastic modulus (E) of the geosynthetic was derived from the relationship J = Et, where t is the thickness of geosynthetic, which was assumed to be 5 mm for all of the numerical analyses performed.
Interface elements, characterized by two sets of parameters, were used to model interaction behavior between the geosynthetic and the stone column, and between the geosynthetic and the surrounding soft soil. A Mohr-Coulomb failure criterion with zero cohesion was used for the interface elements. The coefficient of sliding friction (μ) between the geosynthetic and the stone column was selected to be 0.5 (μ=2/3tanφ) (FHWA, 2006) , where φ is the friction angle of the column material. For interaction between the geosynthetic and the soft soil, μ was assumed to be 0.3 (μ=0.7tanφ) (Abu-Farsakhl, et al. 2007 ), where φ is the friction angle of the soft soil.
In order to compare the performance of the GESC with a conventional stone column (CSC), parallel analyses were also performed on a stone column without encasement. In this case, like interaction between the geosynthetic and soft soil, the coefficient of sliding friction between the stone column and the soft soil was selected to be 0.3. 
NUMERICAL RESULTS
In order to determine the stress-displacement behavior on top of the geosynthetic encased stone column, soil nodal points corresponding to the top of the column were subjected to a series of vertical downward displacements. During these downward displacements, the average resultant stress on top of the column was recorded, allowing the stress-displacement curve to be drawn accordingly. Fig. 2 shows the stress-displacement response for both a GESC and CSC having the parameters listed in Table 1 . From Fig. 2 , it can be seen that after a very small vertical settlement the mobilized vertical stress on top of the encased column is always greater than the CSC and the difference increases with additional settlement. For example, at a settlement of 25 mm (a common serviceability criteria), the mobilized vertical stress on top of the GESC is 3.8 times greater than that of CSC. This ratio becomes 5.4 for a settlement of 50 mm. The lateral bulging of the GESC and CSC at a settlement of 50 mm is shown in Fig. 3 . It is observed that in the CSC, lateral bulging occurs up to depth of 1.2 m (1.5D), after which lateral bulging becomes negligible. For the GESC, the maximum value of lateral displacement is much less than that for the CSC. However, after a depth of 1D, the GESC experiences more lateral displacement than the CSC. This is attributed to mobilization of more load on top of the GESC (Fig. 2) , and the subsequent transmission of greater loads to higher depths in the case of the GESC. This phenomenon is studied further and discussed in more detail in the following sections.
FIG. 2. Displacement vs. stress FIG. 3. Lateral bulging vs. depth at a vertical settlement of 50 mm
Having found that the use of encasement can noticeably enhance the load-carrying capacity of CSCs (Fig. 2) , it is instructive to more comprehensively study the loadtransfer mechanism of both CSCs and GESCs. Figs. 4a and 4b show contours of vertical displacement for both the CSC and GESC, respectively. In the CSC (Fig. 4a) , vertical displacements are negligible (less than 5 mm) after a depth of 1D. This is caused by the lateral bulging failure mechanism of the CSC, which occurs in the top portion of the column. In fact, the vertical displacements that are observed in CSCs appear to be mostly due to lateral bulging of the column material rather than vertical settlements due to compression of the column material under load. However, in the GESC (Fig. 4b) , vertical displacements are distributed all along the column. As an example, vertical displacements equal to 5 mm were observed to occur up to a depth of 5D. The constrained lateral bulging behavior of the GESC (Fig. 3) is the explanation for the distribution of vertical displacements along the GESC, and the resulting improved behavior of the column.
The distribution of vertical displacements along the length of the column (Fig. 4 ) can affect the relative vertical displacements between the soft soil and the column material in the case of CSCs and between the soft soil and the geosynthetic in the case of GESCs. For the CSC at a vertical settlement of 25 mm, it can be seen (Fig. 5) that the value of relative displacement between the soft soil and the column material becomes negligible after a depth of 2.0 m. On the other hand, for GESCs, the value of relative displacement between the soft soil and the geosynthetic not only extended along the entire length of the column, but was also much greater than the relative displacements that were observed for the CSC. Almost the same lateral stresses were observed versus depth for both the CSC and GESC (Fig. 6) . Differences in the values of relative displacement can therefore have a significant effect on the shape of the skin friction distribution along the columns and the magnitude of the overall skin friction force that is mobilized (Fig. 7) .
FIG. 4. Contours of vertical displacements (a) CSC (b) GESC
The end-bearing capacity of columns is another component that should be considered when the overall load-transfer behavior of these systems is studied. To investigate the effects of column encasement on the end-bearing behavior, loadtransfer curves of a CSC and GESC at a vertical settlement of 25 mm are shown in Fig. 8 . From Fig. 8 , it can be seen that both the CSC and GESC are primarily endbearing columns, as 72% and 66% of the loads applied at the ground surface are transferred to the tip of the columns, respectively. As shown in Fig. 8 , the amount of load transferred to the tip of the GESC is much greater than that of the CSC at a given settlement, because the encasement makes the GESC a stronger and more rigid element. Numerical results showed that about 65% of the increase in load carrying capacity of encased stone columns is related to an increase in the end-bearing and the other 35% is related to an increase in the skin friction. Fig. 3 and Fig. 4a clearly show that the failure mechanism of a typical CSC is lateral bulging, and that this type of failure occurs in the top portion of the column. As shown in Fig. 3 , below a depth of 1.5D, the lateral displacements are relatively negligible. Consequently, it may be possible to encase only the top portion of a stone column to improve its performance. This phenomenon has been previously explored by Rajagopal (2006, 2007) , who performed both numerical and experimental analyses and found that the optimum length of encasement for stone columns is 2D from numerical analyses and 4D from model tests. Previous attempts at encasement or strengthening the upper portion of stone columns using alternative approaches have also been tried: Aboshi et al. (1979) horizontal layers of geogrid to reinforce the top portion of the stone column. To improve performance, Juran and Riccobono (1991) have also suggested mixing the material in the top of a stone column with cement.
INFLUENCE OF LENGTH OF ENCASEMENT
To investigate the influence of partial encasement on the load carrying capacity and lateral bulging of stone columns, numerical analyses were carried out on columns having varying length of encasement from 0.8 m (1D) to 4.0 m (5D). Fig. 9 shows the stress-displacement responses of a CSC and a series of partially encased columns. By comparing the load carrying capacity of the CSC with the partially encased columns, it can be seen that encasing the stone column even up to a depth of one diameter can significantly increase the bearing capacity of the column. Fig. 9 shows that the response of partially encased columns is related to the vertical settlements. For example, up to a vertical settlement of 10 mm, columns with different lengths of encasement have the same load carrying capacity; however, at a vertical settlement of 50 mm, the load carrying capacity of columns with lengths of encasement equal to 3D, 4D, and 5D are identical to each other and greater than that of the 1D and 2D encased columns. Lateral displacements of a CSC, a fully encased column, and a partially encased column with a length of encasement equal to 1D are presented in Fig. 10 at a vertical settlement of 50 mm. Fig. 10 shows that the maximum lateral bulging of a partially encased column is more than that of a fully encased column and noticeably less than that of a CSC. For the partially encased column, the maximum lateral bulging occurs over a range of depth beneath the end of the encasement.
CONCLUSIONS
Three-dimensional numerical analyses were performed to compare the performance of GESCs with CSCs. A detailed study was carried out to better understand the mechanism of load carrying capacity in a GESC and CSC. The performance of partially encased columns is investigated and compared to that of fully encased 1. The load-carrying capacity of stone columns can be significantly improved by encasing them. The influence of encasement becomes more noticeable as vertical settlement (or applied pressure) on top of the column increases. 2. The maximum value of lateral displacement of a GESC is much less than that of a CSC for the same vertical settlement. However, after a depth of one diameter, the GESC experiences more lateral displacement as compared to the CSC because of both mobilization of more load on top of the GESC and deeper transmission of load in the case of the GESC. 3. For the soil conditions and boundary conditions specified in this numerical study, the GESCs and CSCs behaved as predominantly end-bearing columns, as 66% and 72% of the load applied at the ground's surface was transmitted to the tip of the columns, respectively. 4. Encasing stone columns increases both their skin friction and end-bearing capacity. In this study, the increase in the overall load carrying capacity of the encased column was caused by a 35% increase in skin friction and a 65% increase in end-bearing resistance. The increase in skin friction is due to the deeper transmission of vertical displacements along the GESC, which occurs because the GESC experiences less lateral bulging and behaves more like a rigid element than the CSC. This allows for mobilization of skin friction resistance along a much greater portion of the length of the column than what is observed for the CSC. Encasement also allows for greater load transfer to deeper depths, which leads to corresponding increases in loads that are transferred to the tip of the column. 5. It is possible to partially encase the top portion of the column to achieve nearly the same performance as what is observed for a fully encased column. Numerical analyses showed that the response of partially encased columns is related to the value of applied vertical settlement, and the required length of encasement increases with larger applied surface loads.
It should be noted that these conclusions are based on numerical analyses of a single column under an applied vertical displacement. The behavior of column supported embankments constructed using this technology may be different, as in that case both the columns and their surrounding soil may be loaded at the same time. 
